Bacterial nanowires are extracellular appendages that have been suggested as pathways for electron transport in phylogenetically diverse microorganisms, including dissimilatory metal-reducing bacteria and photosynthetic cyanobacteria. However, there has been no evidence presented to demonstrate electron transport along the length of bacterial nanowires. Here we report electron transport measurements along individually addressed bacterial nanowires derived from electron-acceptor-limited cultures of the dissimilatory metal-reducing bacterium Shewanella oneidensis MR-1. Transport along the bacterial nanowires was independently evaluated by two techniques: (i) nanofabricated electrodes patterned on top of individual nanowires, and (ii) conducting probe atomic force microscopy at various points along a single nanowire bridging a metallic electrode and the conductive atomic force microscopy tip. The S. oneidensis MR-1 nanowires were found to be electrically conductive along micrometer-length scales with electron transport rates up to 10 9 /s at 100 mV of applied bias and a measured resistivity on the order of 1 Ω·cm. Mutants deficient in genes for c-type decaheme cytochromes MtrC and OmcA produce appendages that are morphologically consistent with bacterial nanowires, but were found to be nonconductive. The measurements reported here allow for bacterial nanowires to serve as a viable microbial strategy for extracellular electron transport.
bioelectronics | microbial fuel cells | bioenergy E lectron transfer is fundamental to biology: organisms extract electrons from a wide array of electron sources (fuels) and transfer them to electron acceptors (oxidants). Prokaryotes can use a wide variety of dissolved electron acceptors (such as oxygen, nitrate, and sulfate) that are accessible to their intracellular enzymes. However, dissimilatory metal-reducing bacteria (DMRB) are challenged by the low solubility of solid phase Fe(III) and Mn(IV) minerals that serve as their terminal electron acceptors, and therefore use extracellular electron transfer to overcome this obstacle (1). Various strategies of extracellular electron transfer have been reported for metal-reducing bacteria, including naturallyoccurring (2) and biogenic (3) (4) (5) soluble mediators that shuttle electrons from cells to acceptors, as well as direct transfer using multiheme cytochromes associated with the outer membrane (6) . Recent reports have also suggested that extracellular electron transport may be facilitated by conductive filamentous extracellular appendages called bacterial nanowires (7) (8) (9) . The first report found bacterial nanowires in the DMRB Geobacter (7). A subsequent scanning tunneling microscopy study (8) demonstrated transverse electrical conduction in nanowires from other microorganisms, including another metal reducer (Shewanella oneidensis MR-1), an oxygenic photosynthetic cyanobacterium (Synechocystis PCC6803), and a thermophilic fermentative bacterium (Pelotomaculum thermopropionicum), when cultivated under conditions of electron acceptor limitation.
To date, several biological assays have demonstrated results consistent with electron transport along bacterial nanowires, including measurements of improved electricity generation in microbial fuel cells and enhanced microbial reduction of solidphase iron oxides (7, 8, 10) . However, our direct knowledge of nanowire conductivity has been limited to local measurements of transport only across the thickness of the nanowires (7-9). Thus far, there has been no evidence presented to verify electron transport along the length of bacterial nanowires, which can extend many microns, well beyond a typical cell's length. Here we report electron transport measurements along individually addressed bacterial nanowires derived from electron-acceptor limited cultures of the DMRB S. oneidensis MR-1.
Results
Direct Transport Measurements Using Nanofabricated Electrodes. To fabricate two-contact devices, chemically fixed samples from continuous cultures were deposited on SiO 2 /Si substrates with prepatterned metallic contact pads. The substrates were subsequently dehydrated in ethanol, critical-point dried, and examined using a dual-column scanning electron/focused ion beam (FIB) microscope. Individual bacterial nanowires were located using secondary electron imaging and were then contacted by ion beam-or electron beam-induced deposition of platinum electrodes (Fig. 1) . Current-voltage (I-V) sweeps were collected at ambient conditions using probe stations instrumented to semiconductor parameter analyzers. Fig. 2 illustrates the results from a single bacterial nanowire extending from a wild-type S. oneidensis MR-1 cell. Following deposition of the Pt contacts ( Fig. 2A) , we observed an ohmic current response to applied voltage ( Fig. 2C ) with resistance R = 386 MΩ, yielding a corresponding electron transport rate, at 100 mV, of about 10 9 electrons per second. The resistivity estimated from this measurement is 1 Ω·cm (Materials and Methods), comparable in magnitude to that of moderately doped silicon nanowires (11) . To confirm that the nanowire provides the only conductive path between the electrodes, a FIB was used to cut the nanowire without disturbing the rest of the device (Fig. 2B ). After the nanowire was cut, there was no measurable current response to applied voltage (Fig. 2C) , confirming that the observed conduction path was indeed through the nanowire. In addition to the nanowire of Fig. 2 , two more bacterial nanowires, sampled from a different bioreactor, were investigated for electrical transport using nanofabricated electrodes, resulting in Conducting Probe Atomic Force Microscopy. To determine whether the resistivity values obtained from our two-contact devices include a significant contribution from contact resistance between electrodes and nanowires, conducting probe atomic force microscopy (CP-AFM) was used to measure the resistance of a single nanowire as a function of its length. CP-AFM is a convenient tool for probing local electrical properties at the nanometer scale, and has been increasingly used for the electrical characterization of biological molecules (12) (13) (14) . CP-AFM was also previously employed to demonstrate transverse conduction through bacterial nanowires produced by Geobacter sulfurreducens (7) and S. oneidensis MR-1 (9). In the previous experiments, however, the nanowires were supported on conductive surfaces of highly ordered pyrolytic graphite, precluding measurements of their longitudinal conduction. To verify longitudinal transport along bacterial nanowires using CP-AFM, S. oneidensis MR-1 nanowires from chemically fixed samples were immobilized on SiO 2 /Si substrates with lithographically patterned Au microgrids as electrodes (Fig. 3A) .
Electronic transport along a nanowire in contact with the Au microgrid was measured by using the Pt-coated AFM tip as a second electrode. With the AFM tip at the position shown in Fig. 3B ,~600 nm away from the Au electrode and in contact with the nanowire, we obtained the I-V curve shown in Fig. 3C . The current response to the applied voltage was found to be approximately linear and consistent with the results obtained using nanofabricated Pt electrodes (Fig. 2) . As a control, we observed that whenever the AFM tip was placed directly on the SiO 2 surface, we obtained a background current of~10 pA (Fig. 3C , Inset), confirming that extraneous conduction through adsorbed water layers or other contaminants was negligible. Fig. 3D shows multiple measurements on the same nanowire at different points along its length. We observed a linear relationship between measured resistance and length, allowing us to extrapolate the curve to zero length to estimate the overall contact resistance. We obtained a value of 58 MΩ that, when subtracted from the total resistance, yields a bulk resistivity for the nanowire on the order of 1 Ω·cm, in agreement with measurements using nanofabricated Pt electrodes (Fig. 2) .
Nonconductive Appendages Produced by S. oneidensis MR-1 Mutants
Deficient in MtrC and OmcA. We also studied mutants (ΔmtrC/ omcA) lacking genes for multiheme c-type cytochromes MtrC and OmcA (8) . The ΔmtrC/omcA mutants were cultivated in continuous flow bioreactors under identical conditions as wild- type MR-1. In response to electron acceptor limitation, the ΔmtrC/omcA mutants produced appendages morphologically consistent with wild-type nanowires (Fig. S2) . A total of seven appendages, from seven different ΔmtrC/omcA cells and two bioreactor samples, were contacted by nanofabricated electrodes and tested for electrical conductivity (Fig. S2) . The ΔmtrC/omcA appendages were found to be nonconductive, showing no current response to applied voltage down to the noise floor.
Discussion
The discovery of bacterial nanowires spawned a common question among microbiologists, biogeochemists, and physicists: Can nanowires transport electrons along their entire length, and with what resistivity? To answer this question, we evaluated transport along bacterial nanowires by two independent techniques: (1) nanofabricated electrodes patterned on top of individual nanowires, and (2) CP-AFM at various points along a single nanowire bridging a metallic electrode and the conductive AFM tip. The S. oneidensis nanowires were found to be electrically conductive along micrometer-length scales with electron transport rates up to 10 9 /s at 100 mV of applied bias and a measured resistivity on the order of 1 Ω·cm.
Recent measurements by McLean et al. of the rate of electron transfer per cell from S. oneidensis MR-1 to fuel cell anodes were on the order of 10 6 electrons per cell per second (15) . These measurements are consistent with the specific respiration rate estimated under the cultivation conditions used here (2.6 × 10 6 electrons per cell per second) (Materials and Methods). A comparison with our transport measurements demonstrates that a single bacterial nanowire could discharge this entire supply of respiratory electrons to a terminal acceptor.
A previous scanning tunneling microscopy study (8) associated c-type cytochromes with the conductivity of bacterial nanowires from S. oneidensis MR-1. To identify the role of cytochromes in nanowires, we studied mutants (ΔmtrC/omcA) lacking genes for multiheme c-type cytochromes MtrC and OmcA. We found that these mutants produce nonconductive filaments, indicating that, in the case of S. oneidensis MR-1, cytochromes are necessary for conduction along nanowires. However, this finding does not preclude other mechanisms for long-range electron transport along bacterial nanowires from other organisms. For example, Geobacter nanowires are presumed to be conductive as a result of the amino acid sequence of the type IV pilin subunit, PilA, and, possibly, the tertiary structure of the assembled pilus (7). In conclusion, our data demonstrate electrical transport along bacterial nanowires from S. oneidensis MR-1, with transport rates that allow for bacterial nanowires to serve as a viable microbial strategy for extracellular electron transport. The measurements reported here motivate further investigations into the molecular composition and physical transport mechanism of bacterial nanowires, both to understand and realize the broad implications for natural microbial systems and biotechnological applications such as microbial fuel cells.
Materials and Methods
Cultivation. S. oneidensis strain MR-1 (wild-type) and the double-deletion mutant ΔmtrC/omcA lacking two decaheme cytochromes were cultured in continuous flow bioreactors (BioFlo 110; New Brunswick Scientific) with a dilution rate of 0.05 h −1 and an operating liquid volume of 1 L. A chemically defined medium was used with lactate as the sole electron donor, and conditions were maintained as previously described by Gorby et al. (8) to achieve electron acceptor limitation. Appendages were produced in response to electron acceptor (O 2 ) limitation, when the dissolved O 2 tension was lowered below the detection of the polarographic O 2 electrode. An estimate of the specific respiration rate was calculated as follows: Starting with a wild-type S. oneidensis MR-1 bioreactor in steady state condition, cell density was determined using a Petroff-Hauser counting chamber to be 7.72 × 10 8 cells/mL. The flow of growth medium to the reactor was then shut off. Shortly thereafter, all the remaining electron donor (lactate) was consumed, triggering a rapid increase in dissolved O 2 concentration. Next, lactate was added to the reactor to a final concentration of 50 mM, with the oxidation of lactate immediately causing a rapid decrease in dissolved O 2 concentration. A subsequent rapid increase in dissolved O 2 concentration indicated that the lactate had been consumed. By measuring the time it took for the 50 mM lactate to be consumed (180 s), extracting 12 electrons per lactate molecule, and knowing the cell density, we calculate the rate of electron transfer per cell to be 2.6 × 10 6 electrons per cell per second.
Nanofabricated Devices. Sample preparation. Samples for electrical measurements using nanofabricated electrodes were removed from steady-state bioreactor cultures and immediately fixed using glutaraldehyde (2.5% concentration). Fixed samples were applied to oxidized Si chips with prepatterned Au contacts ( Fig. 1 ) and subjected to a serial dehydration protocol using increasing concentrations of ethanol (10, 25, 50, 75, and finally 100% vol/vol ethanol). The dehydrated samples were then critical-point dried and desiccated for further nanofabrication processing. Electrode fabrication. Imaging and deposition were carried out using Zeiss 1540 XB FIB/SEM Etching/Deposition Systems. Cells with attached nanowires were located in the proximity of the prefabricated Au contacts. A Pt precursor was then introduced to the chamber using a gas injection system and electrodes were directly deposited to contact the bacterial nanowires using ion beam-(10 pA FIB current) or electron beam-induced chemical vapor deposition. The electrode sections in contact with the prefabricated Au contacts were always deposited by the FIB (which mills as it deposits), thus cleaning the prefabricated patterns of any cellular material that may have accumulated during sample preparation. Electrical measurements. Current-voltage (I-V) measurements were performed at room temperature using probe stations instrumented to either an Agilent 4156C semiconductor parameter analyzer or an Agilent B1500A analyzer.
Results for three successful measurements of transport along bacterial nanowires from three different wild-type S. oneidensis MR-1 cells and two different samples are shown in Fig. 2 and Fig. S1 . For each nanowire tested, resistance was calculated from the ohmic current-voltage (I-V) trace. Knowing the resistance (R, in Ω), the resistivity (ρ, in Ω·cm) was calculated using ρ ¼ RA L , where L is the length of the nanowire segment between the two probes (measured by SEM or AFM imaging) and A is the cross sectional nanowire area (calculated using AFM height measurements described below). Electrode characterization and controls. The Pt electrodes deposited by beam induced chemical vapor deposition were characterized separately to assess their contribution to the measured resistance. Fig. S3A shows a FIB-deposited Pt line (30-nm thick, 1-μm wide, 27-μm long) connecting the prefabricated Au patterns. From a current of 93.2 μA at 1V, the resistivity of the FIBdeposited Pt is calculated to be about 10 −3 Ω·cm, including some contribution from the contact resistance between the Pt and prefabricated Au. This resistivity value is higher than the resistivity of bulk Pt, which is expected because of the carbon and gallium contamination inherent in the FIB deposition process, but is still a small contribution to the overall resistance of the junctions involving bacterial nanowires (>100 MΩ in Fig. 2 and Fig. S1 ).
In addition to cutting a bacterial nanowire (Fig. 2) , another open-circuit control was conducted (Fig. S3B ) by placing two Pt probes very close together (<150 nm without a bridging nanowire) on a chip that underwent the same glutaraldehyde fixation, dehydration, and critical-drying protocol as the bacterial nanowire junctions. This sample also showed no current response to applied voltage, further ruling out any metallic contamination between the electrodes under the deposition conditions used in this study. AFM of nanofabricated devices. Following nanofabrication and electrical measurements, samples were inspected using a Veeco Innova AFM employing either tapping mode ( Fig. 2A) or contact mode (Fig. 2B) . The typical appendage height was found to be 8-10 nm (Fig. S4) . A typical electrode thickness, for the deposition conditions used here, was 30-40 nm. Repeated AFM scanning after electrode deposition and successful I-V measurements but before cutting the nanowire of Fig. 2 displaced some extracellular debris close to the junction area (e.g., placing material near the right electrode in Fig. 2B compared with Fig. 2A ), but the junction remained conductive.
CP-AFM. Sample preparation. Au microgrids were fabricated on a SiO 2 /Si substrate by standard photolithographic patterning followed by electron-beam vapor deposition of 3 nm of Cr (as an adhesion layer) and 20 nm of Au. Samples were harvested from the bioreactor, fixed using 2.5% glutaraldehyde, and applied to the Au microgrid chips. These chips were air-dried (no dehydration or critical point drying) and washed with deionized water to remove salts in the culture medium.
Conducting probe atomic force measurements. An Au microgrid (Fig. 3) was electrically connected to the sample stage of an AFM system (Veeco Dimension V) using silver paint. Pt/Cr coated Si AFM probes (BudgetSensors ContE) with a nominal spring constant of 0.2 N/m were used for both tapping and contact mode imaging. The current vs. voltage (I-V) curves of Fig. 3 were measured in point-spectroscopy mode with a typical gain setting of 1 V/nA. The loading force applied for electrical measurements (Fig. 3) was 4 nN, which we found to be the minimum force required to establish a stable short-circuiting contact between the conductive AFM tip and the Au electrode. In many cases, an imaging force of 10 nN or greater began to dislocate and damage the biological structures. Under such conditions, the apex of the conductive AFM tip could be coated with insulating debris. The minimum force (4 nN) was chosen for the electrical measurements to maintain an intimate electrical contact and not to damage the delicate nanowires. The sample voltage was ramped between −1 and 1 V at 0.2 Hz, yielding consistent and repeatable data. The resistance at each position along the nanowire was calculated using the most linear part (±0.4 V) of the I-V curve.
